Obesity is a risk factor for stroke, but the determinants of increased stroke risk in obesity are unknown. We have previously reported that obese Zucker rats (OZRs) have a worse stroke outcome and display evidence of remodeling of the middle cerebral artery (MCA), in parallel with hypertension, compared with lean controls. This study tested the hypothesis that hypertension is an essential determinant of cerebral vascular remodeling and increased stroke damage in OZRs. Blood pressure was measured by telemetery in lean and obese rats with and without hydrochlorthiazide (HCT; 2 mg·kg Ϫ1 ·day Ϫ1 ) from 8 to 15 wk of age. A separate group of rats was also chronically fed a low-sodium (LS) diet. Vessel structure was assessed in isolated, pressurized MCAs. Cerebral ischemia was induced for 60 min using an intralumenal suture technique, followed by 24 h of reperfusion. HCT treatment effectively prevented the increase in blood pressure in obese rats; however, the LS diet did not lower pressure. Importantly, infarct size was normalized by HCT after ischemia-reperfusion injury. Additionally, HCT improved the changes in MCA structure observed in untreated OZRs. There were no benefits of the LS diet on stroke injury or vessel structure. These results indicate that increased pressure is essential for driving the changes in infarct size in OZRs.
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hypertension; vascular remodeling; hydrochlorothiazide STROKE is the third leading cause of death in the United States and the major cause of debilitation among adults. Obesity is also an escalating health problem and is considered a risk factor for cardiovascular disease, including stroke (15) . Hypertension develops in many obese individuals and is considered the greatest modifiable risk factor for stroke (27) . Although evidence suggests a relationship among obesity, hypertension, and end-organ damage, the extent to which hypertension contributes to stroke risk in obesity and the mechanisms thereof are largely unknown.
A previous study (22) from our laboratory demonstrated that adult obese Zucker rats (OZRs), a model of obesity, insulin resistance, and moderate hypertension (ϳ15-mmHg increase), suffer worse damage after cerebral ischemia compared with lean Zucker rats (LZRs). OZRs also show evidence of inward remodeling of the middle cerebral artery (MCA). Furthermore, these pathological differences were not observed in young OZRs, which are normotensive but already insulin resistant. These results suggest an association between increased blood pressure and cerebrovascular complications in OZRs.
A clear link between blood pressure and stroke outcome has been established in experimental models of severe hypertension. However, a direct relationship between pressure and stroke injury has not been determined in an obese model having a moderate, more clinically relevant increase in pressure similar to what is observed in obese humans. The purpose of this study was to determine the cerebrovascular effects of chronic maintenance of normal blood pressure in OZRs. Furthermore, this study tested the hypothesis that preventing the increase in blood pressure in OZRs would improve the response to cerebral ischemia and prevent inward remodeling of the MCA.
METHODS

Animals.
Male LZRs and OZRs were purchased from Harlan (Indiapolis, IN) at the age of 6 wk and were maintained on a 12:12-h light-dark cycle with access to food and water ad libitum. Rats were housed in an American Association for Accreditation of Laboratory Animal Care-accredited facility, and all protocols were approved by the Institutional Animal Care and Use Committee. LZRs and OZRs were randomly assigned to one of the following treatment groups: control or hydrochlorothiazide (HCT; Sigma, St. Louis, MO) treatment (2 mg·kg Ϫ1 ·day Ϫ1 in drinking water with 0.1% KCl supplementation). HCT treatment was initiated at 8 wk of age, before the onset of increased arterial pressure in OZR, and was maintained until 15 wk of age. HCT was replaced with regular drinking water 72 h before experimentation to allow for the drug to wash out, ruling out acute effects of HCT treatment. In a second protocol, the effects of salt intake on blood pressure, stroke injury, and cerebral vascular mechanics were assessed. LZRs and OZRs were fed sodium-restricted chow (0.02% sodium, CA.170950, Harlan Teklad) and were compared with rats receiving regular chow (0.2% sodium). Low sodium (LS) diet-fed rats were maintained on the diet from 8 to 15 wk of age.
Telemetry. Six-week-old rats were implanted with telemetry transmitters (Data Sciences, St. Paul, MN) in the abdominal aorta as previously described (11, 22) . Rats were anesthetized using isoflurane in oxygen, and the abdominal aorta was exposed by a midline incision. The aorta was briefly occluded for the insertion of the transmitter catheter. The body of the transmitter was then sutured to the abdominal wall along the incision line as the incision was closed. The skin was closed with staples, which were removed 7 days after the procedure. After recovery, rats were placed on top of the telemetry receivers in individual cages, and arterial pressure waveforms were measured for 10 s every 10 min throughout the study. Average pressure was determined in 3-day increments. During the final week of recording, the number of times that systolic pressure exceeded a specified threshold (130 or 140 mmHg) was counted to determine the frequency of spikes in blood pressure.
MCA occlusion. The intralumenal suture model developed by Longa et al. (18) was used to induce cerebral ischemia. Rats were initially anesthetized with isoflurane in an induction chamber; anesthesia was maintained with 2% isoflurane in oxygen. Body temperature was maintained at 37°C by a heating pad. A small incision was made to expose the skull for the attachment of a laser-Doppler flow probe (Perimed, Stockholm, Sweden) to monitor cerebral blood flow. The common carotid artery was exposed by a midline incision. The lingual and thyroid arteries were cauterized, and the external carotid and pterygopalatine arteries were ligated with 6-0 suture. A 3-0 nylon monofilament with a rounded end was inserted into the common carotid artery and was advanced through the internal carotid artery to block blood flow at the origin of the MCA. A drop in laser-Doppler flow was used to verify MCA occlusion. Ischemia was induced for 1 h, and blood flow was then restored by pulling back the filament. Importantly, after the incision was closed, rats were allowed to wake up from anesthesia during the ischemic period, minimizing the exposure to isoflurane. After 24 h of reperfusion, rats were anesthetized and decapitated for removal of the brain. Brains were sliced into 2-mm sections and stained with 2% 2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich, St. Louis, MO) to assess ischemic damage.
Brains were then fixed in 2% paraformaldehyde (Sigma-Aldrich). Using digital images of brain slices, the percentage of infarction was determined by the following equation: Percent hemisphere infarcted ϭ [(V L Ϫ VC)/VC] ϫ 100, where VL is the volume of the lesioned hemisphere and V C is the volume of the control hemisphere (31) .
Plasma measurements during stroke. Separate groups of LZRs and OZRs with and without HCT treatment were used for the determination of arterial blood gases and glycemia during stroke. Rats were fasted before experimentation. Contrary to the rats used for infarct determination, these rats remained anesthetized during ischemia to allow for blood samples to be taken. The femoral artery was catheterized before the initiation of the MCA occlusion procedure. A baseline blood sample was taken. Blood samples were also taken 10 min after MCA occlusion (early ischemia), just before reperfusion (late ischemia), and 10 min after reperfusion. Blood gases, pH, and glycemia were analyzed using an iSTAT CG8ϩ cartridge (Heska, Loveland, CO).
Other plasma and urine measurements. Trunk blood was collected from rats for the measurement of plasma aldosterone (Siemens, Los Angeles, CA), insulin (Alpco, Salem, NH), triglycerides (Wako Diagnostics, Richmond, VA), and cholesterol (Wako Diagnostics). Control and LS diet-fed rats were individually housed in metabolic cages before the initiation of the LS diet and then every 2 wk during the remainder of the study in 3-day increments. The first day was considered an equilibration day, and measurements were taken on the remaining 2 days. Food and water consumption were monitored, and urine was collected. Urinary albumin excretion was measured with an SPI Bio Rat Albumin EIA kit (Cayman Chemical, Ann Arbor, MI). Urinary and plasma electrolytes were measured with an EasyElectrolytes Analyzer (Medica, Bedford, MA).
MCA structure assessment. After decapitation, brains were removed and MCAs were isolated. Vessels were cannulated on glass micropipettes of a pressure myograph (Living Systems Instrumentation, Burlington, VT) and equilibrated at 80 mmHg in Krebs buffer [containing (in mmol/l) 118 NaCl, 23.8 NaHCO 3, 4.7 KCl, 1.2 MgSO4, 1.18 KH2PO4, and 11.1 glucose] gassed with 21% O2-5% CO2-balance N2 and maintained at 37°C. The intralumenal pressure of MCAs was controlled by a pressure servo control via a transducer connected to the pressure myograph. Vessels were visualized on a monitor, and lumen diameter and wall thickness were measured using a video dimension analyzer. Pressure-response curves were conducted in the absence of calcium to determine passive lumen diameter over a range of intralumenal pressures (0 -140 mmHg). Measurements were made in naïve vessels that had not been exposed to ischemia.
Statistics. Physiological parameters and cerebral infarct size were compared between LZRs, OZRs, LZRs ϩ HCT treatment, and OZRs ϩ HCT treatment using two-way ANOVA. Two-way ANOVA was also used to compare blood pressure, glycemia during stroke, and lumen diameters between these groups. t-Tests were used to compare physiological parameters and infarct size in rats fed a LS diet; blood pressure and pressure-response curves were compared by two-way ANOVA. P values of Ͻ0.05 were considered statistically significant. Values are presented as means Ϯ SE.
RESULTS
Physiological parameters for LZRs and OZRs with and without HCT treatment are shown in Table 1 . Compared with LZRs, OZRs had increased body mass and evidence of cardiac and renal hypertrophy. While there was an effect of treatment on body and heart and kidney masses (P Ͻ 0.05 by two-way ANOVA), body mass was not statistically different between OZRs and OZRs ϩ HCT treatment; conversely, HCT treatment resulted in improvements in cardiac and renal hypertrophy. Untreated OZRs also had increased plasma levels of insulin, cholesterol, and triglycerides. Importantly, HCT treatment did not improve these indexes of metabolic dysfunction in OZRs.
As previously reported by our laboratory and others (1, 9, 11, 22, 23, 28), blood pressure progressively increased in adult OZRs compared with LZRs. Treatment with HCT was sufficient to prevent this increase in blood pressure in OZRs and had no effect on pressure in LZRs (Fig. 1A) . The frequency of spikes in blood pressure was also evaluated in the final week of treatment. Specifically, the occurrence of systolic blood pressures of Ͼ130 and 140 mmHg was counted. When the groups were compared, the elevated pressure counts at 130 mmHg did not reach statistical significance (P ϭ 0.0749 by two-way ANOVA); however, OZRs demonstrated significantly more frequent bouts of periodic hypertension than other groups at 140 mmHg (Fig. 1B) . This increased count was corrected by treatment with HCT in OZRs.
At the end of the 7-wk HCT treatment, rats were subjected to cerebral ischemia-reperfusion injury. After 1 h of ischemia and 24 h of reperfusion, control OZRs suffered more stroke damage than LZRs, consistent with our previous findings (22) . HCT treatment normalized this increase in infarct size in OZRs but was without effect in LZRs (Fig. 2) . Importantly, the degree of MCA occlusion was similar in all groups, as confirmed by a similar drop in laser-Doppler blood flow. Also, the improvement in infarct size in HCT-treated OZRs appears to be due to chronic normalization of blood pressure rather than acute changes in blood pressure regulation during stroke. Lean and obese rats with and without thiazide treatment had similar blood pressure responses to stroke. Namely, all rats demonstrated a similar blood pressure response to cerebral ischemia (Fig. 3) ; pressure was statistically increased in the face of ischemia and remained elevated during the reperfusion period. Therefore, differences in the acute blood pressure response to stroke are not an explanation for the worse stroke outcome in OZRs or the improved outcome in HCT-treated OZRs. Blood gases and pH were not different between groups at baseline or at any time point measured during the ischemia protocol. Baseline and late ischemia levels are shown in Table 2 . Blood glucose levels were elevated in OZRs before the occlusion of the MCA (Fig. 4) , likely due to anesthesia because OZRs are normoglycemic at the age used in the present study (11, 22) . Interestingly, the glycemic response to stroke was different between LZRs and OZRs. LZRs maintained a relatively constant glycemic status throughout ischemia, and this was not affected by HCT treatment. OZRs, on the other hand, demonstrated progressively increased blood glucose levels throughout the duration of the stroke; in OZRs, glycemia was statistically higher in the early stages of ischemia than at baseline and was significantly elevated at the end of ischemia compared with the beginning of ischemia. The increased glycemic load, however, was not affected by treatment with HCT, suggesting that the elevation in blood glucose levels in OZRs during stroke is not driving the worse stroke damage as HCT-treated OZRs have an impaired glycemic response to stroke but an improvement in injury.
As there is a direct relationship between vessel lumen diameter and flow, MCA lumen diameter was measured in each group of rats over a range of pressures under passive conditions. As expected from previous findings, OZRs exhibited evidence of inward remodeling of the MCA (Fig. 5) , providing a possible mechanism of worse stroke injury. Chronic treatment with HCT significantly improved inward remodeling of the MCA in OZRs, with a maximum lumen diameter similar to that of LZRs.
Physiological parameters of rats fed a LS diet are shown in Table 3 . LS diet-fed OZRs did not gain as much weight as control OZRs but were still significantly obese compared with LS diet-fed LZRs. Rats were placed in metabolic cages to determine food consumption as an attempt to explain the decreased body mass in LS diet-fed rats. At the end of the experimental period, rats fed with a sodium-deficient diet ate less than those fed regular chow. This difference in food consumption likely explains the difference in body mass between control and LS diet-fed rats. Urinary electrolytes were also measured to verify the decreased sodium excretion in LS diet-fed rats. As shown in Table 3 , plasma sodium content was normal in all groups; however, sodium excretion was below detection (1 meq) in LS diet-fed rats. Obese rats with and without sodium restriction demonstrated evidence of renal injury, as indicated by increased urinary albumin excretion; this was not affected by diet. As expected during sodium restriction, LZRs and OZRs fed a LS diet had a marked increase in plasma aldosterone concentrations, but there were no differences between groups.
Blood pressure was monitored throughout the diet manipulation and is shown in Fig. 6A . Restricting sodium consumption in OZRs did not affect mean arterial pressure (MAP); by adulthood, pressure was significantly elevated in LS diet-fed OZRs compared with LS diet-fed LZRs, much like what was observed in control OZRs. LS diet-fed rats were subjected to cerebral ischemia at the end of the diet protocol. MCA occlusion was induced for 1 h, followed by 24 h of reperfusion. Stroke damage was worse in LS diet-fed OZRs compared with LS diet-fed LZRs (Fig. 6B) , indicating that there was no effect of diet on infarct size. Sodium restriction also failed to influence passive MCA diameter (Fig. 6C) .
DISCUSSION
The present study demonstrates that the moderate increase in blood pressure observed in OZRs is a major risk factor for stroke injury in this model of obesity. The key findings relevant to this observation are that 1) control of blood pressure with a diuretic prevents stroke injury and vascular remodeling; 2) these improvements were independent of changes in metabolic or endocrine status; and 3) these changes were not accounted for by salt intake, as hypertension and stroke injury are resistant to a LS diet in OZRs.
Experimental and clinical evidence have established a clear relationship between blood pressure and stroke occurrence and outcome. Hypertension is considered the greatest modifiable risk factor for stroke, and several clinical trials have indicated beneficial effects of lowering blood pressure on the occurrence of stroke. Specifically, the Heart Outcomes Prevention Evaluation Study and Perindopril Protection Against Recurrent Stroke Study showed that antihypertensive therapy improves the occurrence of new-onset and recurrent strokes, respectively, compared with placebo (23a, 33). Similar results are true for animal studies. For example, the spontaneously hypertensive rat, a model of malignant hypertension, has a worse outcome after cerebral ischemia than normotensive counterparts (10); chronic treatment with the antihypertensive agent hydralazine resulted in improvement in stroke injury (30) . The novelty of the present study is that OZRs demonstrate a moderate increase in blood pressure, yet we report improvement in stroke injury when this increase in blood pressure is prevented.
Beyond elevations in MAP, the present study also demonstrates that the frequency of pressure spikes is increased in OZRs compared with lean counterparts. While average blood pressure is only moderately elevated in OZRs, these findings suggest that they may suffer greater damage to perfused tissues with more frequent exposure to spikes in pressure. Treatment with HCT not only prevented the increased MAP in OZRs but also normalized the increased frequency of pressure elevations, perhaps buffering pressure-induced end-organ damage.
Of note, there were no differences between groups in pH or arterial PCO 2 before or during ischemia. Therefore, differential control of these parameters does not explain the increase in infarct size in OZRs. We (11, 22) have previously demonstrated that OZR are normoglycemic at the age used in the present study, but, interestingly, OZRs demonstrate evidence of altered glycemic status during ischemia, consistent with a previous report (3) of glucose intolerance in OZRs. Before the initiation of the MCA occlusion procedure, blood glucose concentrations measured in anesthetized rats were elevated in all obese rats, and OZRs with and without HCT treatment exhibited a dramatic increase in glycemic load during ischemia and just after reperfusion; glycemic status remained relatively unchanged in both groups of LZRs.
Siemkowicz and colleagues (29) showed that increasing blood glucose levels before 10 min of complete brain ischemia led to increased mortality rates in rats. Also, a recent study by Martín et al. (19) demonstrated that the induction of acute hyperglycemia in nonobese rats is associated with worse stroke injury after transient MCA occlusion. Furthermore, a metaanalysis conducted by Capes et al. (8) indicated that hyperglycemia is associated with worse functional outcome and increased mortality in humans. Although stroke-induced hyperglycemia is a potential mechanism by which stroke injury is increased in OZRs, the finding that HCT-treated OZRs have a comparable increase in blood glucose levels during stroke but have decreased stroke injury suggests that the hyperglycemia is not sufficient to explain the increased infarct in OZRs.
There is much evidence of hypertension-induced alterations in the structural properties of cerebral arteries, and several models of hypertensive rats display evidence of cerebrovascular remodeling (4 -7, 13) . Alterations in the structural properties of cerebral blood vessels may affect the perfusion of brain tissue. As vessel size is directly proportional to flow, decreased lumen diameter leads to flow reductions, especially in the face of ischemia. The present study demonstrates that OZRs have a decrease in lumen diameter of the MCA, suggesting impaired perfusion capability during stroke, which was normalized by preventing the increased blood pressure in OZRs. Therefore, these results demonstrate that lumen diameter is associated with blood pressure and stroke outcome in OZRs.
It has also been demonstrated that other rodent models of obesity suffer more damage after cerebral ischemia. For example, the ob/ob mouse has an increase in infarct size after ischemia-reperfusion injury compared with lean controls (20, 32) . Also, Nagai et al. (21) demonstrated that both ob/ob mice and high-fat-diet fed mice have greater stroke injury than lean counterparts after photochemically induced thrombosis of the MCA. Rats fed a high-fat diet also show evidence of worse stroke outcome and vascular remodeling (12) . The link between obesity and stroke extends into clinical studies as well, including a study by Kurth et al. (17) demonstrating an increased risk of both ischemic and hemorrhagic stroke in men with a body mass index over 30.
In addition to OZRs, LZRs were also treated with HCT to determine whether the reported improvements in cerebrovascular complications in OZRs were due to nonspecific effects of treatment with HCT. The administration of HCT to LZRs did not lower blood pressure, suggesting that any differences observed between control LZR and HCT-treated LZRs would be attributable to pressure-independent effects of the drug. However, the response to cerebral ischemia was not improved by HCT in LZRs, and the functional and structural characteristics of the MCA were similar in control and HCT-treated LZRs. These findings suggest that improvements in stroke injury and passive lumen diameter in HCT-treated OZRs are due to maintenance of normal blood pressure in these rats.
The thiazide diuretic HCT was used as an antihypertensive agent in this study in attempts to avoid directly manipulating the renin-angiotensin system (RAS) or directly affecting smooth muscle tone with agents such as hydralazine. Evidence suggests that RAS blockade has beneficial effects on the response to cerebral ischemia beyond blood pressure reduction (14) . Therefore, attempting to lower blood pressure in OZRs by blocking a component of this system could confound interpretation of the results regarding stroke injury. Whereas it has been suggested that there are indirect vasodilatory effects of HCT, evidence is lacking. A study by Zhou et al. (34) demonstrated that chronic HCT treatment lowers blood pressure in Dahl salt-sensitive rats on a high-salt diet; however, there was no improvement in endothelium-dependent vasodilation in the aorta. Furthermore, the dose of HCT used Zhou and colleagues (75 mg·kg Ϫ1 ·day Ϫ1 ) was higher than that of the present study (2 mg·kg Ϫ1 ·day Ϫ1 ), further negating the potential for nonspecific vasodilatory effects of HCT in the present study.
The second component of this study was to examine the effect of salt consumption on blood pressure and cerebrovascular function in OZRs. Since food intake is increased by ϳ30% in OZRs (26) , it is conceivable that increased sodium intake explains both the increased pressure and worse stroke outcome, as evidence suggests that increased sodium consumption increases blood pressure in OZRs (24) . Contrary to our expectations, the LS diet did not lower pressure in OZRs. Blood pressure was elevated in LS diet-fed OZRs to a similar degree as what was observed in control OZRs. This is consistent with a previous report (16) of shorter regimen of LS feeding. A previous study by Riazi et al. (25) may shed light on the ineffectiveness of sodium restriction to decrease blood pressure in OZRs. LZRs and OZRs were switched from a normal salt diet to 0.02% NaCl. Blood pressure fell in OZRs when the diet was switched; however, it began to return to baseline after a few days. The study was not carried out beyond 8 days, so there is no information about the blood pressure effects of the LS diet after that point. In addition to failing to elicit an effect on blood pressure, the LS diet did not improve stroke outcome or MCA lumen diameter in OZRs. These results provide new evidence that blood pressure is not salt sensitive in OZRs, even over extended periods of time, and stroke outcome is not determined by sodium intake per se.
Taken together, the results from the present study demonstrate that moderate hypertension is required for stroke damage in the context of obesity in OZRs. The hypertensive damage that explains stroke may be the chronic effects of moderate hypertension or the periodic systolic hypertension that is more evident in obese animals. Moreover, while metabolic dysfunction is insufficient to cause stroke injury alone, it may alter the relationship among blood pressure, vascular function, and stroke risk. Unraveling the next generation of these mechanisms is worthy of future study.
